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Abstract 
A free-molecular flow past two parallel circular flat plates is analyzed by the test particle Monte Carlo (TPMC) method, and flow 
shadowing and multiple reflections between the two plates is discussed with heuristic arguments based on the kinetic theory of 
gases. Flow shadowing and multiple reflections have a significant influence on aerodynamic coefficients of the two plates. Lift 
coefficients of the two plates do not equal to zero at the pitch angle of 0° and drag coefficients of the shading plate are larger than 
those of the shaded plate. The area ratio and distance of the two plates have an evident effect on flow shadowing and multiple 
reflections. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In general, flows are considered to be a continuum and governed by the Navier-Stokes equations. However, the 
Boltzmann equation cannot be simplified to Navier-Stokes and molecular gas dynamics dominates the flow when the 
atmosphere is rarefied. The degree of rarefaction of a gas is generally expressed through the Knudsen number [1] 
which is the ratio of the mean free path ߣ to the characteristic dimension ݈. Tsien [2] firstly classified rarefied flows 
into three types: slip, transition and free-molecular flows. The free-molecular flow is a regime characterized by 
extreme rarefaction of the atmosphere. Therefore, collisions between molecules can be neglected and collisions 
between molecules and surfaces dominate [3]. 
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There often arises a situation in which some surfaces of satellites are shielded from the freestream flow by other 
surfaces in space flight [4]. Thus, flow shadowing and multiple reflections between surfaces are formed, which has a 
significant influence on accurate calculation of aerodynamic forces. However, the analysis of free-molecular flows 
past shielded surfaces is complicated. In fact, very little information has been available on the problem. 
This work deals with a free-molecular flow past two parallel circular flat plates, named as A and B respectively 
(Fig. 1b), set apart at a finite distance using the test particle Monte Carlo (TPMC) method proposed by Davis [5], 
whose distinguishing feature is that representative molecular trajectories are generated serially rather than 
simultaneously, which has proved particularly useful for flows with complicated boundaries that lead to multiple 
surface reflections [6]. Firstly, the computational method is validated by comparing the results with free-molecular 
theoretical formulas [7] using a single flat plate model (Fig. 1a). Then, the effects of flow shadowing and multiple 
reflections between the two parallel flat plates are quantitatively researched by the method using diffusive model 
with full energy accommodation. In addition, the effects of some parameters, including the freestream molecular 
speed ratio, the freestream angle of attack, the area ratio of the two plates and the distance between the two plates, on 
flow shadowing and multiple reflections are analyzed with heuristic arguments based on the kinetic theory of gases. 
Fig. 1. (a) Flows past a single circular flat plate; (b) flows past two parallel circular flat plates 
2. Validation of computation method 
Fig. 2 shows a comparison of the TPMC results (colored dots) and theoretical formulas (colored lines). Variations 
of the drag and lift coefficient over a range of freestream angles of attack are shown in the figure. Note that 
aerodynamic coefficients for three different freestream speed ratios (ݏ ൌ ͳǡ ͷǡ ͳͲሻ are shown, which confirms that 
the TMPC results and analytical expressions match very well to illustrate the method used here is valid. 
     
Fig. 2. (a) Drag coefficients for a single flat plate; (b) Lift coefficients for a single flat plate. 
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3. Results and analyses 
The geometry model of two parallel flat plates (Fig. 1b) is analyzed on a range of freestream molecular speed 
ratios ͳ ൑ ݏ ൑ ͳͲ with ܴ୅ ൌ ܴ୆ ൌ ܴ ൌ ͳ. Variation of drag and lift coefficients over a range of speed ratios are 
plotted in Fig. 3, at four pitch angles, namely ߙ ൌ Ͳιǡ ͵Ͳιǡ ͸ͲιͻͲι . It should be noted that aerodynamic 
coefficients of both plate A (solid lines) and B (dashed lines) are given out in the aforementioned figure, aiming at 
gaining insight to the effects of flow shadowing and multiple reflections between the two flat plates.  
The trends in the data of Fig. 3a indicate that the drag coefficients of both plates are inversely related to the speed 
ratio, with an exponential decrease as with the increase of ݏ. Note that the drag coefficient curve of plate A keeps 
coinciding with that of plate B on condition that ߙ ൌ Ͳι despite the varying speed ratios. However, In the case of 
ߙ ൌ ͵Ͳιǡ ͸ͲιͻͲι, the drag coefficient of plate A is larger than that of B and the gap between A and B becomes 
larger when the angle of attack is on the increase. It is evident that the gap between curves of plate A and that of B is 
due to the effects of flow shadowing and multiple reflections. Therefore, we can conclude that the effects of flow 
shadowing and multiple reflections (especially flow shadowing) are growing stronger and stronger as the pitch angle 
ߙ is enlarged from Ͳι to ͻͲι. For example, considering the geometric model, the extent to which plate B is shaded 
from flows by A becomes the most at the pitch angle of ͻͲι. 
In terms of lift coefficients, it is seen from Fig. 3b that graphs are partly similar with those in Fig. 3a. For example, 
lift coefficients of both A and B take on exponential drop with the increase of ݏ at ߙ ൌ ͵Ͳι͸Ͳι. Nevertheless, 
the other two cases where the surfaces of both plates are normal or parallel to the flows are different. It is apparent 
that the lift coefficients of the two plates stay independent of the speed ratio and keep a constant zero at a pitch angle 
of ͻͲι. The fact that the lift coefficient of neither plate A nor B amounts to zero at a pitch angle of Ͳι should be 
noted, which differs from the conclusion of general aerodynamics originating from continuum fluid mechanics, 
which points out that the lift coefficients of either a single flat plate or two parallel flat plates must be zero at ߙ ൌ Ͳι. 
Thus, this is a unique phenomenon in the free-molecular flow regime. Moreover, according to the free-molecular 
theory, the lift coefficient for a freestream flow past a single flat plate also stays a constant zero. With this in mind, 
we can conclude that the nonzero lift coefficients of both plates are attributed to the effects of flow shadowing and 
multiple reflections. More importantly, the lift coefficient curves of the two plates are perfectly symmetrical, with 
the line ܥ୐ ൌ Ͳ acted as the axis of symmetry. More specifically, plate A in a lower position undergoes a negative 
lift, while plate B in an upper location suffers from a positive lift. This phenomenon can be interpreted as follows. A 
fraction of incident molecules would collide with the upper surface of plate A again after reflecting on the lower 
surface of plate B, which contributes negative lift on the upper surface of plate A. Contrariwise, a small quantity of 
molecules will also hit on the lower surface of plate B after reflecting on the upper surface of plate A, contributing 
positive lift on the lower surface of plate B.  
     
Fig. 3. (a) Drag coefficients for two parallel flat plates; (b) Lift coefficients for two parallel flat plates. 
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Now we continue with a detailed observation about the influence of the area ratio of the two plates, namely 
ܣ୅ ܣ୆Τ , on flow shadowing and multiple reflections. In Fig. 4, drag coefficients of plate A and B are illustrated with 
ܣ୅ ܣ୆Τ , for ݏ ൌ ͳǤͲǡ ͳͲǤͲ. Note that the freestream angle of attack is set as ͻͲι, with the purpose of analyzing the 
effects of ܣ୅ ܣ୆Τ  purely. As expected, with the increase of ܣ୅ ܣ୆Τ  from ͲǤͳ to ͳǤͲ, there is an evident growth in drag 
coefficients of plate A, while drag coefficients of plate B decrease linearly. Resulting from the fact that both plates 
are orthogonal to the flow, plate A just locates ahead of B and plate B is shielded exactly by A. Thus, flow 
shadowing has a significant effect on plate B while multiple reflections play a dominant role in the production of 
drag coefficients of plate A. With the increase of ܣ୅ ܣ୆Τ , the effects of flow shadowing from plate A on B becomes 
stronger, so the amount of freestream molecules reaching the front surface of plate B is reduced, leading to the 
decrease of drag coefficients. At the same time, the decrease of molecules colliding on the front surface of plate B 
would accordingly result to fewer molecules hit on the back surface of plate A after reflecting from plate B. Again, 
collisions occurring on the back surface of plate A contribute negative drag. Thereby, drag coefficients of plate A 
rise. 
Another case study is performed to investigate the effect of distance between the two plates (proportional to the 
distance-to-radius ratio ܮ ܴΤ ) on flow shadowing and multiple reflections, with lift coefficients of both plates plotted 
in Fig. 5. Analogously, in order to discuss the effect of distance between the two plates purely, we make ߙ equal to 
Ͳι. It is seen that lift coefficient curves of plate A and B are perfectly symmetrical, with the line ܥ୐ ൌ Ͳ as the axis 
of symmetry and negative lifts of plate A, while those of B are positive, which has been explained above. More 
importantly, there is an exponential drop in all four lift coefficients and corresponding curves asymptotically 
approach 0 with the increase of ܮ ܴΤ . Taking multiple reflections into account, we can interpret this phenomenon 
reasonably. As ܮ ܴΤ  rises, gas molecules that collide on the upper surface of plate A after reflecting from the lower 
surface of B become fewer, and so do inverse molecules. The fact that multiple reflections between the two surfaces 
mentioned above get weaker leads to the decrease of the lift coefficients directly. However, when ܮ ܴΤ  becomes 
large enough, multiple reflections can be negligible. Consequently, four lift coefficients asymptotically approach 0. 
     
Fig. 4  The effect of area ratio of the two flat plates on 
aerodynamics coefficients (ߙ ൌ ͻͲι) 
Fig. 5  The effect of distance between the two flat plates on 
aerodynamics coefficients (ߙ ൌ Ͳι) 
4. Concluding remarks 
In this work, the effects of flow shadowing and multiple reflections in free-molecular flow regime were discussed 
quantitatively, using two parallel flat plates model, by the TPMC method. We have demonstrated that flow 
shadowing and multiple reflections have a significant influence on aerodynamic forces of the two plates, leading to 
some unique phenomena in free-molecular flow regime. For example, lift coefficients of the two plates do not equal 
to zero at the pitch angle of Ͳι, and drag coefficients of the shading plate are larger than those of the shaded plate. In 
addition, the area ratio and distance of the two plates have an evident effect on flow shadowing and multiple 
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reflections. At the same time, the physical mechanism of flow shadowing and multiple reflections was analyzed with 
heuristic arguments based on the kinetic theory of gases. 
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